INTRODUCTION
Skirted foundations comprise a base plate with a peripheral skirt, and sometimes an arrangement of internal skirts, that penetrate the seabed conˆning a soil plug. Foundation skirts oŠer various beneˆts: transmitting foundation loads to deeper, stronger soil leading to increased capacity and reduced displacements, contributing itself to the augmented capacity, providing protection against scour, and accommodating variations in seabed proˆle. A particular beneˆt of skirted foundations is their enhanced uplift resistance due to negative excess pore pressures generated in the soil plug during overturning or uplift. While these negative excess pore pressures, or passive suctions, can be relied on, uplift resistance is governed by a reverse end bearing mechanism. With time, water will ‰ow into the soil plug, the suctions will dissipate and the uplift resistance will reduce to the frictional resistance mobilised along the foundation skirts. The enhanced capacity of skirted foundations to resist uplift, due to passive suctions developed within the soil plug, makes them particularly attractive foundation systems for oŠshore facilities that experience overturning or uplift.
However, oŠshore design guidelines for shallow foundations are based on classical bearing capacity theories that do not account for enhanced uplift resistance due to passive suctions (Det Norske Veritas (DNV), 1992; American Petroleum Institute (API), 2000; International Organization for Standardization (ISO), 2003). Passive suctions have been relied on in practice in the design of some skirted foundation systems, but in each case the project was based on extensiveˆeld, experimental and analytical studies (Støve et al., 1992; Dyvik et al., 1993; Tjelta and Haaland, 1993; Bye et al., 1995) . A better understanding of the development and dissipation of passive suctions within skirted foundations would lead to e‹ciencies in design of current skirted foundation systems in terms of reducing foundation size and extending the period over which passive suctions can be relied on. Interest also exists in developing a new concept of oŠshore storage facility that would be buoyant following oOEoading for a period of a few days up to several weeks.
Recent experimental centrifuge studies at the Centre for OŠshore Foundation Systems (COFS) at The University of Western Australia have considered the transient and sustained uplift capacity of shallow skirted foundations under concentric, monotonic and cyclic loading and have shown encouraging results for skirt depth to foundation diameter ratios d/D as low as 0.3 (Gourvenec et The previous experiments considered intact contact between the external skirt walls and the soil. In reality, gapping may occur along the skirt-soil interface due to the harsh environmental forces, leading to a reduction in the drainage path length, accelerating the dissipation of passive suctions within the soil plug. Once a gap has developed, it can propagate with time due to repeated loads from wind, waves and currents. The deeper the extent of the gap, the higher the stress concentration induced by its presence in the soil mass that remains in contact with the foundation. Gapping can lead to softening of the material and local reduction of shear strength as well as loss of soil in the vicinity of the gap due to pumping scour inside and around the cavity.
The likelihood of gap formation and propagation depends on the loading regime and soil conditions. Although no literature is available regarding gapping along shallow skirted foundations, various authors have reported that large displacements are required for a gap to form along laterally loaded caissons (similar to skirted foundations but with larger embedment depth to diameter ratio, d/D) in normally consolidated soil, while for lightly and over consolidated soils a gap may appear immediately after lateral or inclined loading (Clukey et al., 1995; Randolph et al., 1998; Clukey et al., 2003; CoŠman et al., 2004) . Clukey et al. (1995) report results from a centrifuge study of the eŠect of gapping on the capacity of suction caissons in typical Gulf of Mexico normally consolidated soft clay under cyclic loading, but did not observe a critical load at which the caisson suddenly failed from gapping. Randolph and House (2002) considered the sustained uplift capacity of suction caissons through analytical studies validated against beam centrifuge tests in normally consolidated clay and recognised the possibility of a hydraulic leak down the side of the caisson, due to slight tilting during cyclic loading, that may allow tensile fracture at the caisson base. For this case, they proposed an intermediate mode of failure, between pure shearing along the skirt and the full reverse end bearing. CoŠman et al. (2004) investigated the horizontal capacity of suction caissons in normally consolidated clay at 1 g and did not observe a distinct gap in the back side of the caisson after lateral displacements up to several times the caisson diameter, but observed a scarp on the back side of the caisson and a wedge of soil that slid downwards, maintaining contact with the caisson. Supachawarote et al. (2005) reported three-dimensionalˆnite element analysis investigating the eŠect of gapping on the inclined pullout capacity of suction caissons and for an embedment ratio d/D＝1.5 showed an average reduction in inclined undrained pullout capacity of 27z in lightly over consolidated soil.
The eŠect of gaping along the interface of shallow skirted foundations has not previously been considered, although it is arguably more critical than for suction caissons, because of shorter drainage path lengths leading to more rapid dissipation of passive suctions from within the soil plug.
This paper presents results of beam centrifuge tests on a circular skirted foundation in which a gap was deliberately created on one side of the foundation in some of the tests. The study evaluates the eŠects of the gap on the foundation response under transient and sustained uplift, comparing results for tests with intact soil contact along the skirt-soil interface, and tests where a gap was created prior to loading the foundation.
EXPERIMENTAL SET-UP
Physical modelling was carried out in the 1.8 m radius beam centrifuge at COFS at an acceleration of 167 g. A swinging platform at a radius of 1.8 m provides a nominal working radius of 1.55 m; the centrifuge has a maximum payload of 200 kg at the maximum acceleration of 200 g, and is thus rated at 40 gtonnes. The basic principle of centrifuge modelling is that the self-weight stresses in the model are enhanced by the centrifugal acceleration in order to give stresses (and shear strengths) that are homologous in model and prototype. Essentially, stresses and strains scale 1:1 between model and prototype. In centrifuge modelling, all linear dimensions of the model are scaled by 1:N relative to the prototype, and a centrifugal acceleration of N times earth's gravity (g) is applied during the test, where N is called the scaling ratio. A detailed description of scaling laws in geotechnical centrifuge modelling can be found elsewhere (Taylor, 1995; Muir Wood, 2004; Garnier et al., 2007) .
Tests without gapping, used as a reference to compare against tests with gapping, were carried out with a conventional one-dimensional actuator, while a special arrangement including a second linked actuator was developed for the tests involving gap generation (as described later). Figure 1 shows a schematic of the foundation model and instrumentation. The model has a foundation diameter Dm＝120 mm and skirt depth dm＝36 mm, corresponding to prototype dimensions D p ＝20 m d p ＝6 m at the design acceleration level of the tests. A foundation model with a skirt depth to diameter ratio of d/D＝0.3 is considered as previous tests have shown reverse end bear- The foundation is equipped with a peripheral skirt and an internal cruciform stiŠener creating four compartments. The base plate is machined from aluminium and the skirts and stiŠeners from stainless steel in order to minimise the foundation weight while ensuring su‹cient stiŠness of the skirt and stiŠeners. The foundation base plate is equipped with a drainage vent that remains open during installation and is closed with a plug cap to seal the foundation during the tests. A drainage hole is located at the intersection of the cruciform on the underside of the base plate to allow water to pass between the skirt compartments allowing drainage through the vent in the base plate during installation.
Foundation Model and Instrumentation
The foundation is equipped with total pressure and pore pressure transducers (TPTs and PPTs, respectively). A TPT and a PPT are located on the underside of the base plate to monitor variations of total pressure and pore pressure inside the foundation, assess contact of the soil plug with the base plate during installation, track variation of suctions during transient and sustained uplift, and determine separation during uplift. Additional pairs of total pressure transducers are provided at diametrically opposed sections at two levels along the peripheral skirt, ‰ush with the external face. These sensors allow measurement of radial stresses and indicate separation along the skirt-soil interface in tests involving gapping and allow veriˆcation about verticality of the model during installation and uplift. Two PPTs areˆxed to the internal stiŠener at skirt tip level within a protective housing. The intention of these sensors was to monitor the pore pressure variations at foundation level but their response is aŠected by local bearing capacity failure around the housing rather than re‰ecting the global response of the foundation. Results from the PPTs at skirt tip level are therefore not presented.
Soil Sample
A lightly over consolidated clay sample was prepared from commercially available kaolin powder that is used routinely for centrifuge testing at COFS. The basic geotechnical properties of the kaolin used are: plasticity index Ip＝34, speciˆc gravity Gs＝2.6 and compression index Cc＝0.476. Dry kaolin powder was mixed under vacuum with distilled water at a ‰uid content of 120z, corresponding to twice the liquid limit. The slurry was transferred to a high capacity consolidation press, applying gradual increments of load up to 150 kPa over 14 days, followed by gradual unloading to 40 kPa (the expected eŠective vertical stress at skirt tip level) to obtain a lightly over consolidated sample. The sample was then reconsolidated in the centrifuge at test acceleration level, 167 g, for 65 hours (corresponding to more than 200 years at prototype scale). The consolidation history led to an in situ void ratio e＝1.3, wet unit weight gt＝17 kN/m 3 and over consolidation ratio (OCR) at skirt tip level of 3.8.
The undrained shear strength of the sample was determined in-‰ight by T-bar penetrometer tests (Stewart and Randolph, 1991) carried out across the sample, before and during the programme of foundation tests. The location of the T-bar tests is presented in Fig. 2 alongside the foundation test layout. The T-bar tests were carried out at a rate, [ ＝1 mm/s to ensure undrained conditions. In terms of the dimensionless velocity group V＝[ L/cv, (where L is an appropriate length dimension of the drainage path (in this case equivalent to the T-bar diameter, DT-bar＝0.005 m) and cv is a representative coe‹cient of consolidation taken as 2.6 m 2 /year for the eŠective vertical stress at skirt tip level, [ ＝1 mm/s gives a dimensionless velocity V＝60, which exceeds the value for which undrained behaviour is achieved (Finnie and Randolph, 1994; Randolph and Hope, 2004) . Typical proˆles of undrained shear strength from the T-bar tests, using a constant T-bar factor NT-bar＝10.5 (Stewart and Randolph, 1994) , and the ratio of extraction to penetration resistance are presented in Fig. 3 .
Gap Generation
One of the technical challenges for this series of tests was to generate a gap in-‰ight, to avoid a temporary ramp down of the centrifuge that would aŠect the stress history of the soil, the magnitude of pore pressure inside the soil plug and radial stresses against the skirt. An arrangement that was developed to enable the formation of a gap in the centrifuge, in-‰ight is illustrated in Fig. 4 . The system employs two actuators, three load cells and a chain linking the two actuators through a pulley system. Both actuators sit on top of the strongbox and permit vertical and horizontal displacement and loading of the model. Actuator #2 moves vertically upwards at a constant displacement rate of 0.05 mm/s, applying a tension to the chain leading to translation of the foundation and actuator #1 and forming a gap on the trailing edge of the foundation. A normalised lateral displacement wH/D¿5z was found to provide a stable gap, with reduced (active) pressures on the trailing edge and development of high (passive) normal stresses on the leading edge. The lateral loading point of the foundation is at the level of the base plate, so that some (albeit very limited) rotation accompanies the horizontal translation of the foundation, lifting the trailing edge slightly. A maximum rotation of 1/200 was calculated from variation in embedment during the gap generation. Vertical loads on the foundation are monitored with a ±3 kN load cell (V), bending of the loading column in actuator #1 is measured with a combined VM load cell, and the variation of the horizontal load (H) on the foundation is monitored with a ±8 kN load cell connected between the foundation model and the chain. The V and VM load cells are connected in series, with VM at a lower level where bending is more critical as the loading arm is clamped at two positions in the upper portion ( see Fig. 4(b) ). A bearing was placed above the VM load cell as an additional safety measure to allow slight rotation of the foundation while minimising application of moment to the foundation.
Initially, the horizontal loading chain is left with minimum slack. An increase in the readings from the horizontal load cell is an indication of tightening of the chain and the beginning of load application on the foundation. Bending is measured by the VM load cell and used to program a feedback loop in the software control to translate the main actuator (#1) to keep bending in the foundation and loading arm close to zero. The feedback loop is necessary in order to maintain the verticality of the main actuator and subsequently concentric loading on the foundation, and to avoid damaging either the loading arm or the vertical load cell. Conventional uniaxial load cells are not designed to support bending or moment loading and are fragile in that respect, both physically and in the accuracy of the readings when subjected to combined loading. The arrangement of two load cells in series ensured close verticality of the loading arm and reliability of the vertical load measurements. The actuators are controlled by an interface software written in-house based on National Instruments' LabVIEW.
Extensive tuning of the proportional-integral-derivative (PID) controller was required to adjust the sensitivity of the feedback loop, reducing the oŠset between the required and measured horizontal displacement on the skirted foundation. A critical aspect was to avoid bending in the opposite direction of that congruent with the application of the horizontal load, as this will induce a reversal in the horizontal displacement and in practice a rapid series of lateral cyclic displacements that will produce gapping, softening and eventual remoulding and active conditions on both sides of the foundation.
Vertical displacements of the two actuators are directly recorded by encoders placed on the motor of each actuator. In both cases the vertical displacement is monitored by a linear displacement transducer (LDT) with 25 mm stroke and 1 mm resolution, installed on the frame to which the actuator is connected. These devices are not in direct contact with either the foundation or the chain (pulley system).
Each gap was created at a rate of 0.05 mm/s, taking 120 seconds in the centrifuge, corresponding to 39 days at eld scale. The rate of gap generation was chosen to allow precise control of the actuators and minimise the generation of excess pore pressures inside the soil plug rather than to replicate a particularˆeld process. In reality, gapping may occur over diŠerent time scales, ranging from rapid, from extreme environmental loads to gradual accumulation of lateral displacement or rotation under operational loading conditions. The purpose of the programme of centrifuge tests reported in this paper was to evaluate the eŠect of a gap between the soil and the skirt on the transient and sustained uplift resistance of the foundation, and not to model the process of gap generation or particular load paths that could generate gapping. 
GAPPING EFFECT ON UPLIFT CAPACITY

TESTING PROGRAMME
The experimental program included a total ofˆve tests, referenced as T1 to T5, summarised in Table 1 . Tests T1, T2 and T5 evaluated the transient and sustained uplift response of the foundation without gapping while tests T3 and T4 considered uplift resistance with gapping. The undrained uplift capacity, qu, was determined in test T1. In the second test, T2, the foundation behaviour under two levels of sustained uplift loading, q/qu¿0.22 and 0.7 (expressed as a fraction of qu assessed in T1) was investigated. The eŠect of gapping on the transient uplift response was then evaluated immediately after formation of a gap (in Test T3), and following consolidation after gap generation (in Test T4). The series of tests was concluded with veriˆcation of the undrained uplift capacity without gapping (T5). Typical sketches of time histories during installation, consolidation, undrained uplift and sustained uplift for the same model and soil conditions have been presented in Acosta-Martinez et al. (2008) .
Due to the space restrictions due to the setup with the two actuators, only two locations were available for the tests with gapping, as seen in Fig. 2 . As a result, undrained and sustained load tests were carried out at the same location in both Tests T3 and T4. In between tests the foundation was pushed back by reloading to the consolidation stress level, sc (explained below), and substantial primary consolidation was permitted before a new gap was formed for the next test. Although considerable dissipation of excess pore pressures generated during reloading of the foundation was allowed for between tests, cumulative damage will have occurred at the site accompanied by some loss of embedment (since reloading to the consolidation stress level rarely gave complete repenetration of the foundation skirts). To minimise this eŠect in the evaluation of sustained uplift response, the lower level of sustained uplift was evaluatedˆrst in all cases.
All tests followed vented, jacked in-‰ight installation at a constant rate of displacement of [ ＝0.1 mm/s, corresponding to a normalised velocity V＝[ D/c v ¿145, where D is the diameter the foundation and cv is an average value for the coe‹cient of consolidation of the kaolin clay, taken as 2.6 m 2 /year (Acosta-Martinez and Gourvenec, 2006). The rate of installation is su‹ciently rapid to ensure undrained conditions with respect to the base area of the foundation, but local drainage in the vicinity of the skirts is likely to have taken place. The displacement rate during installation was selected to maintain precise control of the centrifuge and not to represent the duration ofˆeld installation, which usually takes a few hours and would be impractical to replicate in the centrifuge.
Installation was considered complete when the base plate made contact with the soil surface, and the stress level at that instance is deˆned by the installation stress, si. Following installation, a further stress increment was applied to a pre-determined consolidation stress level, sc. The consolidation stress, sc, was selected as twice the installation stress, si. Following installation and application of the additional stress increment, the drainage vent was sealed and the foundation was held at the consolidation stress level, sc, for a period of time, tc, to allow substantial dissipation of the excess pore pressures generated during installation, to ensure a similar starting point (eŠective stress) in all tests. A detailed analysis of these consolidation stages under similar conditions has been presented by Acosta-Martinez and Gourvenec (2010) and indicates an average degree of consolidation of U＝90z took place during the intermediate re-consolidation following installation and prior to gapping or uplift.
EXPERIMENTAL RESULTS
Installation
The stress-displacement response during installation and initial consolidation was repeatable in all tests. Figure 5 shows the measured stress-displacement response during installation and consolidation during test T1 as an example. The stress-displacement response during the subsequent undrained uplift is also shown for completeness of the test sequence.
Installation resistance is expressed in terms of an average (vertical) installation stress, q, given by the vertical load cell reading divided by the cross-sectional (bearing) area of the foundation (q＝Q/A). Touch down is identiˆed from the readings of the TPT and PPT under the base plate. The total installation resistance (si) at the moment of touch down is ¿28 kPa, indicating an interface friction ratio a＝0.34 based on a simple analytical prediction using a bearing capacity factor for tip resistance Nc(tip)＝7.5. Assuming an average value of un- drained shear strength, su, over the depth of the skirt of 13.5 kPa gives a ratio of installation resistance to undrained shear strength, si/su＝2.0. Penetration of between 90z and 95z of the depth of the skirts was achieved when full contact was made between the base plate and the soil due to heave of the soil plug within the skirt compartment.
Following touch-down of the base plate an additional stress increment was applied to ensure good contact across the base plate, sc. A period of consolidation at constant stress was then permitted allowing substantial dissipation of excess pore pressures generated during installation. The consolidation stress was deˆned as sc¿ 2si. All the tests followed the same installation and consolidation procedure. Figure 6 shows a typical time history of vertical displacement of the chain-pulley system and the resulting horizontal displacement of the foundation during formation of a gap. The chain moved at a constant displacement rate and the horizontal displacement of the foundation started while the initial slack of the chain was being taken up and before it became taut. EŠectiveness of the feedback loop between the two actuators allowing bending only in one direction is observed from the similarity between the displacement rates of the two actuators and the absence of reverse horizontal movements on the foundation. However, it should be noted that the`apparent' horizontal displacement rate of the foundation is higher than that of the chain at the start of the process, where slight rotation may have occurred. This is also related to the gradual development of the passive resistance on the leading edge of the foundation, giving rise to a small moment on the foundation. In theˆnal portion of the gap generation, when the chain is fully taut, the displacements rates are equivalent. Figure 7 shows the response of the total pressure transducers (TPTs) along the skirt during gap formation indicating the mode of foundation displacement through changes in radial stresses with respect to the values just prior to installation. The reduction in the radial stress on the active side ( Fig. 7(a) ) and the increase in radial stresses on the passive side ( Fig. 7(b) ) is clear. As the required movement to reach an active condition is several orders of magnitude lower than for the corresponding passive condition, there is a relatively stable reading in a portion of the plot on the active side (TPT#2) while radial stresses continue to increase on the passive side. A normalised displacement wH/D¿5.7z was applied for this particular stage. Some transient signal disturbance in TPT#3 is observed towards the end of the test, including negative values that suggest transient suction prior to separation from the soil, with the gapˆlling with water. Due to the space limitations for the tests with gapping, multiple tests were carried out at each site. The foundation was pushed-back after each stage and consolidation was permitted between tests and a new gap formed prior to each test. Figure 8 shows the variation of radial stresses during formation of a`second' gap. This followed a normalised horizontal displacement of wH/D¿5.1z. It can be inferred that the initial gap did not reach the full skirt depth, or some closure occurred, as there is an additional decrease in the radial stress during formation of the second gap measured by the TPT at the lower level on the active side (TPT#3) while the reading of the TPT located on the upper level on the active side (TPT#2) remains unchanged. The increase in radial stress at TPT#3 location before gap formation following an initial active gap is due to the intermediate push-back and consolidation between stages.
Gap Generation
Undrained Capacity Figure 9 shows the undrained uplift resistance measured during each of the tests in terms of the average vertical uplift stress, q (＝load cell reading divided by cross sectional area of the foundation), and normalized uplift displacement, w/D, where w represents the total vertical displacement and D the foundation diameter. Undrained uplift capacity q u ＝-150 kPa was measured in tests without gapping (tests T1 and T5), mobilised at a normalised displacement w/D¿7-8z. Taking the undrained shear strength at the tip level of the foundation as su(tip)¿18 kPa (from Fig. 3) , gives a bearing capacity factor N c ＝q u /s u(tip) ＝8.3. A simple mechanism of shearing along the skirts and internal stiŠeners gives an uplift capacity of ¿-18 kPa, taking an average shear strength over the depth of the skirts of 13.6 kPa, indicating mobilisation of reverse end bearing.
The undrained uplift capacity immediately following formation of a gap (Test T3_1) qugap＝-146 kPa, only marginally lower than the intact undrained uplift capacity, qu, i.e., without a gap, since reverse end bearing governs undrained uplift capacity. The initial stiŠness is similar to the case without gapping, although the ultimate undrained capacity is mobilised at a lower normalised displacement, w/D¿6z. Figure 10 shows pore pressures beneath the base plate and indicate similar levels of passive suction are developed with and without gapping (Test T3_1 and T1 respectively).
The undrained uplift capacity following formation of a gap and a period of consolidation to allow substantial dissipation of excess pore pressures, qu gap*, was evaluated in test T4_1. The ultimate undrained capacity is substantially reduced compared to the uplift capacity mobilised either without a gap or immediately following gap formation, with qugap*＝-90 kPa. Ultimate undrained capacity was mobilised at a normalised displacement w/D¿1z, after which the resistance remained relatively constant with increased displacement, indicating shearing along the skirt-soil interface as a mode of failure. The test was stopped at a normalised displacement w/D¿4z to minimise damage as the site was to be used for a subsequent test.
The undrained uplift capacity following formation of a gap and a period of consolidation (test T4_1) is equivalent to 60z of the undrained capacity without gapping, or immediately following gap formation, indicating a greater impact of the gap presence after a time delay. During this period, it appears that softening of the soil in the gap zone, or further propagation of the gap around the foundation, may have led to increased hydraulic connection between the foundation base and the free surface, thus limiting the development of a reverse end bearing mechanism. Figure 10 shows the response of sensors underside the base plate and indicates that only about 40z of the negative excess pore pressure measured in the tests without gapping was generated.
The evolution of the radial stresses during an undrained uplift stage after large lateral displacements and a previous history of an initial undrained uplift and sustained loading stages (test T3_4) is presented in Fig. 11 . The reduction of radial stresses on the leading edge, starting from a passive condition immediately after the formation of the gap, is clear. Although the loss of embedment is a contributing factor for this decrease, shearing along the interface in a softened soil decreases the allowable side friction considerably. 
Sustained Load Response
Sustained uplift loads were deˆned as a proportion of the undrained uplift capacity for a corresponding experimental condition, i.e., for the case without gapping (test T2), the sustained uplift loads were deˆned as a proportion of the undrained uplift capacity, qu, measured in test T1. For the cases with gapping, with and without consolidation prior to uplift (tests T3 and T4), the sustained uplift loads were deˆned as a proportion of the respective undrained uplift capacity qugap and qugap*.
Sustained uplift loads of 22 and 70z of the corresponding respective undrained uplift capacities were considered. It should be noted that the absolute magnitude of sustained uplift in T3 and T4 corresponding to q/qu＝ 0.22 and 0.7 are dissimilar owing to the diŠerent undrained capacity for each case. For the case of sustained uplift loading applied immediately after the gap formation, q/q u gap ＝0.22 and 0.7 correspond to similar magnitudes in terms of absolute loads (q/qu＝0.21 and 0.69 respectively) as the undrained uplift capacity was only marginally aŠected by the presence of the gap. However, for the case with consolidation following formation of the gap and prior to uplift, q/q u gap *＝0.22 and 0.7 correspond to absolute uplift loads of q/qu＝0.13 and 0.42 respectively.
To optimise the available space in the sample, the two sustained uplift tests for each case were carried out in the same site. The lower level of sustained uplift was investigatedˆrst to minimise damage in and around the test site. The sequence of each test is presented in Table 1 . After each stage of the test, the foundation was pushed back under load control to the consolidation stress, sc, which was then maintained until pore pressures that were generated during the previous stage and the reconsolidation had substantially dissipated. This allowed the foundation to partially restore its initial position and ensure a similar eŠective stress state at the start of each test. The tests are labelled according to the position in the sequence, e.g., T4_2 corresponds to the second test in the site for test T4. The sustained loading tests were carried out until either a normalised time-dependant displacement of wt/D＝2z or a prototype duration of tp＝1 year was reached, whichever occurredˆrst. The threshold values were based on considerations of displacement based design and the expected durations of uplift for the new concept of oŠshore storage platforms that would be buoyant following oOEoading. Figure 12 shows time histories of consolidation uplift displacements normalised by the foundation diameter. The time history shows the time-dependant component of the total displacement, wt, that is the displacement occurring after the respective stress level was reached (eliminating the immediate displacement). The results for the tests with no gapping (T2_1 and T2_2 for q/qu＝0.22 and 0.7 respectively) conˆrm the expected trend of higher displacement rates for higher levels of load and indicate the displacement rates remain relatively constant for most of the duration of the tests. For the case of sustained uplift loading applied immediately following formation of a gap (T3_2 and T3_3), where the applied uplift q/q u gap ＝ 0.22 and 0.7 corresponds to similar magnitudes in terms of absolute loads, q/qu＝0.21 and 0.69 respectively, higher displacement rates are observed at both levels of sustained load compared to the case without gapping, as would be expected. Terminal displacement rates again remain relatively constant at both levels of sustained uplift. For the cases of sustained uplift with consolidation following the formation of the gap (T4_2 and T4_3), the time histories presented in Fig. 12 indicate a reduction in the rate of displacement compared to the case with uplift immediately following gap formation. However, the lower undrained uplift capacity for the case with consolidation following gap formation, leads to markedly lower absolute uplift loads, q/qu＝0.13 and 0.42 corresponding to q/qugap*＝0.22 and 0.7 respectively masking the true trend. In terms of absolute load, a consistent trend of increased rate of displacement is observed with increasing load. It is interesting to note the relatively similar response in T4_3 and T3_3 for considerably diŠerent absolute levels of sustained load (q/qu＝0.42 and 0.69, respectively). Reduced resistance along the skirt-soil interface and propagation of the gap support this observation.
The dashed line in Fig. 12 represents the displacement rate during the undrained uplift tests, and indicates the rapid rate of uplift during sustained loading immediately following formation of a gap, and the detrimental eŠect of the presence of a gap at high levels of sustained load. It should be noted that these sustained uplift tests, at the higher level of load, were carried out in sites with a stress history of previous gap formation and uplift, rather than following an initial gap in a virgin site, which would have led to increasing extension of the gap both radially and with depth. A detailed response for the higher sustained uplift level (70z of the corresponding undrained capacity) is presented in Fig. 13 in terms of total normalised displacement, w/D, i.e., the immediate and time-dependent components of displacement. For the case of uplift immediately after the gap formation (T3_3; q/qu＝0.69), a dramatic change in the displacement rate after a normalised displacement of w/D¿1.3z is observed which occurred before reaching the total level of load and may indicate the impossibility of the foundation to generate higher suctions. In a given situation it could be possible that failure occurs before reaching a speciˆed level of sustained uplift. Figure 14 shows the results from the sustained uplift tests in terms of degradation of uplift capacity with time for time-dependent displacements wt/D＝0.5, 1 and 2z. The results from the tests described in this paper are shown as discrete data points with sustained uplift loads normalised against the undrained capacity for the case without a gap, qu. The continuous`backbone' curves were derived from results from previous tests at load levels q/qu＝0.22 and 0.45 carried out with the same foundation in similar soil conditions that maintained intact contact along the skirt-soil interface . The data from this series of tests without gapping (T2) for q/qu＝0.22 coincide with the previous observations, while that for q/qu＝0.7 allows reˆnement of the previous backbone curve.
Degradation of Uplift Capacity
The presence of a gap shifts the degradation curves to the left, indicating the increased rate of degradation of uplift capacity with time. The results show that the eŠect of gapping is clearly potentially signiˆcant in terms of predicting the uplift resistance of shallowly skirted foundations. For example, under a sustained uplift load of q/qu＝0.22, an uplift displacement of wt/D＝0.01 is reached in approximately 380 days when intact contact is maintained along the skirt-soil interface and in 34 days immediately after formation of a gap. The presence of a gap becomes more signiˆcant at higher load level, with for example, the duration for relative displacements w/D ＝0.5z and 2z under an uplift load of q/qu＝0.7 being relatively similar for the case with a gap but diŠers by approximately seven-fold without gapping. Linearly interpolating between the available data points indicates that trend lines for consolidation following gap formation lie to the left of those for either no gapping or gapping without consolidation, indicating the detrimental eŠect on sustained uplift resistance of consolidation in the presence of a gap.
CONCLUDING REMARKS
Results of beam centrifuge tests on a shallowly embedded skirted foundation with a skirt depth to foundation diameter ratio d/D＝0.3, subjected to transient and sustained uplift loading have been presented with reference to the eŠects of gapping along the skirt-soil interface. An instrumented model foundation was installed in lightly over consolidated kaolin clay and a reliable method was developed to create a gap in-‰ight in the beam centrifuge. The eŠect of gapping was assessed in relation to tests that maintained a perfect seal along the skirt-soil interface.
The undrained uplift capacity immediately after formation of a gap was found to be largely unaŠected since reverse end bearing governs resistance. Displacement rate eŠects might be involved and the initial gapping along the skirt-soil contact could be resealed by adjacent soil pulled into a reverse end bearing failure mechanism. Conversely, consolidation following formation of a gap and prior to uplift had a signiˆcant eŠect, reducing undrained uplift capacity to 60z of that without a gap (or immediately following formation of a gap). The rate of displacement under sustained uplift was adversely aŠected by the presence of a gap along the skirt-soil interface, with or without consolidation following gap formation. The eŠect was slightly less signiˆcant for uplift immediately following formation of a gap.
In summary, the results from the series of centrifuge tests presented in this paper indicate the detrimental eŠect of gapping along a foundation skirt on transient and sustained uplift capacity. Theˆndings highlight the necessity to consider carefully the likelihood of gapping occurring in theˆeld in the design of shallow skirted foundation systems for oŠshore structures. Complementary foundation elements to avoid gap formation (so-called crack arrestors) should be implemented if intact skirt-soil contact is considered.
